Abstract Autoantibodies against certain stress or heat shock proteins (Hsps) may play a role in the pathogenesis and/ or prognosis of some diseases. Using immunoblotting with human recombinant Hsps and univariate and multivariate logistic regression models, we have investigated the presence of antibodies against Hsp70, the inducible member of the 70-kDa family of heat shock proteins, and analyzed its possible association with hypertension and working conditions. Plasma and serum were collected from 764 steel mill workers from 6 work sites exposed to (1) severe noise; (2) severe noise and dust; (3) noise, dust, and heat; (4) noise and heat; (5) severe noise and heat; and (6) office conditions (control). Workers with prolonged exposure to stresses such as noise, dust, and high temperature and a combination of these in the workplace had a high incidence (26.6% to 40.2%) of antibodies to Hsp70 compared to the lowest incidence (18.6%) of antibodies to Hsp70 in the control group of office workers. Moreover, there was a statistical association of antibodies against Hsp70 with hypertension. The statistical correlation between the presence of antibodies to Hsp70 and hypertension is higher in the group of workers with blood pressure of 160/95 mmHg than in the 140/90-mmHg group after excluding possible effects of the workplace stresses. These results suggest that harsh workplace conditions can increase the production of antibodies against Hsp70 and that the presence of antibodies to this stress protein may be associated with hypertension. The precise mechanism for the elevation of antibodies against Hsps by environmental and workplace stresses and their relation to hypertension remains to be established.
INTRODUCTION
Stress or heat shock proteins (Hsps) are a group of highly conserved proteins that are induced by heat and a variety of noxious stimuli, including abnormal physiological stresses such as ischemia, fever, viral infection, and environmental xenobiotics or chemical stressors such as heavy metals, free radicals, and carbon monoxide (Lindquist and Craig 1988; Morimoto et al 1994) . Hsps are usually grouped into 4 main families (Hsp90-110, Hsp/ Hsc70, Hsp60, and the small Hsps ) on the basis of their apparent molecular masses in sodium dodecyl sulfate polyacrylamide gels. The best-known Hsp is the highly inducible member of the Hsp/Hsc70 family, with apparent molecular mass of 71 and 72 kDa in rat and human, respectively, and referred to here as Hsp70. Overexpression of Hsp70 provides cells with resistance to harmful or stressful conditions, and this acquired resistance is known as thermotolerance (Laszlo 1988; Li et al 1991; Parsell and Lindquist 1994) . Similarly, elevated levels of Hsp70 in organs such as the heart and brain can transiently protect the whole organ from ischemic injury (Currie et al 1993; Marber et al 1995; Plumier et al 1995 Plumier et al , 1997 . Hsps of the Hsp/Hsc70, Hsp60, and Hsp90 families have also been shown to function as molecular chaperones, facilitating the synthesis, folding, assembly, and intracellular transport of many proteins (Hightower 1991; Gething 1992; Muchowski et al 2000) . In addition, Hsps may also play important roles in the processes of growth, differentiation, and development Michaud et al 1997) .
Hypertension is a disease with a genetic component. The severity of hypertension may be modified by many environmental factors, both in humans as well as in genetic and experimental rodent models of hypertension (Hamet et al 1990) . It is also generally accepted that stress contributes to human high blood pressure. Some stresses also have the ability to induce Hsp70 in vascular tissue and may contribute to the development of hypertension in chronically stressed animals. The genetic basis of environmental susceptibility to hypertension may also involve an abnormal control of heat shock genes. As the biological role of the Hsps and molecular chaperones in a multitude of cellular processes unfolds, it is of little surprise that they should be implicated in human diseases. The scientific literature is replete with observations that underscore the potential link between the aberrant expression of heat shock or stress proteins and disease states (Burdon 1993; Morimoto et al 1994) . In addition, some of the Hsps can present as self-antigens to the immune system, resulting in the production of autoantibodies (to Hsps) in patients with inflammatory diseases or autoimmune disorders; after various infections caused by viruses, bacteria, mycobacteria, and parasites; or with atherosclerosis (Xu et al 1993 (Xu et al , 1999 Wu et al 1996 Wu et al , 1998 . Direct evidence links antibodies against mycobacterial Hsp65 and carotid wall atherosclerosis, and the most severe degree of atherosclerosis was demonstrated to predict 5-year mortality (Xu et al 1993 (Xu et al , 1999 Schett et al 1995) . In addition, serum antibodies to mycobacterial Hsp65 and human Hsp60 have been associated with borderline hypertension (Frosttegard et al 1997; Pockley et al 2000) . However, until now, there are few investigations on the possible association of autoantibodies against the inducible Hsp70 and hypertension. We therefore investigated whether the presence of antibodies to human Hsp70 might be a risk factor in the development of hypertension in 764 steel mill workers using Western blot analysis and a logistic regression model of analysis.
METHODS

Study subjects and environmental conditions
The study subjects were workers at the Maansan Steel & Iron Limited Co in Anhui, China. They worked in 6 work sites and were exposed to different levels of several stresses. Group 1 consisted of 175 persons working at the supply and drain unit and exposed to severe noise (98 dB). Group 2 consisted of 91 persons working at the material unit and exposed to severe noise and dust (13 mg/ m 3 ). Group 3 comprised 107 persons working at the electric heat unit and exposed to noise, dust, heat, and other stresses, such as carbon monoxide. Group 4 consisted of 158 persons working at the steel rolling mill and exposed to noise and heat. Group 5 comprised 115 workers in another steel rolling mill and exposed to severe noise and heat. Group 6 is the control group consisting of 118 office workers not exposed on a regular basis to the stressful environmental factors of the other 5 groups. Dry and wet ventilated thermometers and radiation thermometers were used to determine the dry and wet temperatures and radiant heat in the workplaces. Noise levels were determined with a sound pressure audiometer (SPL, Jiangxi, China). The concentrations of dust in the air were determined by collecting dust onto a filter with an air sampling pump and by weighing the dust accumulation on the filter. The measurement of noise, dust, and temperature was performed 9 times at 10 AM, 3 PM, and 5 PM for 3 consecutive days.
Evaluation of health status
Health status was evaluated in all workers using a questionnaire and by clinical and laboratory examination. The questionnaire was used to obtain the personal and family history, including risk factors for hypertension, for each worker. An industrial hygienist filled in the questionnaire with each worker before the medical examination. The clinical examination included weight, height, pulse, oral temperature, blood pressure, and electrocardiography (ECG) (Nurminen 1986; Hickey and Graham 1988; Levy and Wegman 1988) . Body mass index was calculated as weight (kilograms) divided by height (meters squared). Systolic and diastolic blood pressures were taken with a standard mercury sphygmomanometer after Ͼ10 minutes of rest while the subject was in a sitting position. The values used in the present analysis were means of 3 measurements taken during 1 to 2 hours by several specially trained nurses or physicians. Hypertension in this study was defined by 2 criteria: whether the person was currently using any antihypertensive drugs and blood pressure thresholds Ͼ160/95 or Ͼ140/90 mmHg (Frosttegard et al 1997) . Venous blood was also collected and divided into 2 parts, one of which was heparinized to separate plasma for the detection of antibodies against Hsp70. The second part was used for determining the concentration of triglycerides and total cholesterol using kits from Bioengineering Reagents Company (Wenzhou, China).
Determination of the dilution of antibodies to the inducible Hsp70 in plasma of subjects
Recombinant human Hsp70 was obtained through the expression of the human cDNA coding for an inducible Purified recombinant Hsp70 was electrophoresed in SDS-PAGE, transferred to nitrocellulose membranes, and cut into 2-3-mm-wide strips. These were incubated with the plasma and the presence of antibodies to Hsp70 detected as described in Methods. Lane 1: negative; lanes 2-4: positive. member of the HSP70 family, Hsp72 (hereafter referred to as Hsp70), in NaCl-induced Escherichia coli GJ1168 cells using pET30 as expression vector Bhandari and Gowrishnkar 1997) . Approximately 10-15 g of recombinant human Hsp70 was loaded on each SDS-PAGE gel without comb and transferred electrophoretically to nitrocellulose membranes (NC) (Wu et al 1998) . The transfer was monitored by staining with Ponceau Rouge. The NC band containing Hsp70 was cut into 2 ϫ 3-mm pieces and marked with a small red dot on the protein side of the membrane. The NC pieces were placed in individual wells of an ELISA plate, rinsed with PBS, and saturated with 100 L of blocking buffer (PBS containing 5% skim milk powder) for 1 hour at 37ЊC with gentle agitation and washed with PBS-0.05% Tween 80 for 5 minutes. The plasma diluted 1:10, 1:20, and 1:40 in 100 L PBS containing 5% skim milk powder was incubated with the NC pieces at 37ЊC for 2 hours with gentle agitation. After washing the membranes 6 times (10 minutes each time) with 200 L PBS-0.05% Tween 80, 100 L of HRP labeled goat anti-human IgG (Sigma) in blocking buffer (1:2500) were added, and this was incubated at 37ЊC for 1 hour. Membranes were washed 6 times (10 minutes each time) with 200 L PBS-0.05% Tween 80. The presence of antibodies to Hsp70 was revealed using DAB (3,3-diaminobenzidine tetrahydrochloride) buffer for 3-5 minutes. The brown band on NC is regarded as the positive and no color on NC as negative (Wu et al 1998) . An example of a Western blot is shown in Figure 1 . The technique used is inexpensive and, while not being as sensitive as an immunoassay, gives reliable and reproducible results under the laboratory conditions available.
Statistical analyses
The database and its pretreatment were carried out using the statistical analysis software (EPI Info 6.0) package. The analyses were carried out using SPSS in univariate and multivariate logistic regression models. Multivariate logistic regression models were again built for a forward stepwise selection procedure (P values for entry and removal, 0.10 and 0.15, respectively). Other analyses were carried out on the basis of the chi-square test and Student's t-test. Statistical inferences are based on the different levels of significance (P Ͻ 0.05 or P Ͻ 0.01).
RESULTS
The environmental conditions
The workplace noise levels, dust concentrations, and temperatures are presented in Table 1 for each group of work- ers. This table also summarizes the stressful working conditions for each group of workers: (1) severe noise; (2) severe noise and dust; (3) noise, dust, and heat; (4) noise and heat; (5) severe noise and heat; and (6) control. Group 1 had no other stresses than severe noise levels (98 dB). Group 2 had the highest level of dust in the air (13.6 mg/ m 3 ), and groups 4 and 5 had the highest exposure to heat with dry bulb temperatures over 40ЊC. Overall, each of the 6 groups of workers was exposed to different environmental working conditions.
Detection of autoantibodies against Hsp70
Here we have extended our earlier investigations (Wu et al 1996 (Wu et al , 1998 ) on antibodies to human inducible Hsp70 to include workplace stressors such as noise, dust, and heat. Plasma from workers were tested at different dilutions from 1:10 to 1:40 for immunoreactivity against NCbound human Hsp70. As shown in Table 2 , at a dilution of 1:10, the incidence of plasma samples having Hsp70 antibodies is higher in the workers of group 3 (noise, dust, and heat and other stresses, such as carbon monoxide), group 1 (severe noise), group 2 (severe noise and dust), and group 5 (severe noise and heat) than in the other 2 groups (group 4 and the control, group 6). At a dilution of 1:20, the percent of workers having immunoreactive Hsp70 antibodies is statistically higher in groups 5 and 1. In groups 2 and 4, the percent of workers with a positive immunoreaction is slightly higher than in the control group but is not statistically different. The percent of workers having a positive immunoreaction for Hsp70 antibodies at a dilution of 1:40 is similar in all groups.
Association of anti-Hsp70 with hypertension
A univariate logistic regression analysis shows that age, employee working years, drinking, family history in cardiovascular diseases, body mass index, total cholesterol, and triglycerides are the risk factors of hypertension (Table 3; odds ratio [OR] value Ͼ 1.7). This table also shows a statistical association of antibodies against Hsp70 with hypertension (P Ͻ 0.1) if hypertension is defined as 160/ 95 mmHg (P ϭ 0.0687) but not if a value of 140/90 mmHg is used (P ϭ 0.3769). Further analysis of these data was done using a multivariate logistic regression model built with a forward stepwise selection procedure (P values for entry and removal, 0.10 and 0.15, respectively). While this analysis did not reach statistical significance, it does suggest that the presence of Hsp70 antibodies in the serum of workers may be associated with hypertension when the criterion of 160/95 mmHg is used (Table 4) . The same analysis carried out with a criterion of 140/90 mmHg does not show such an association (criterion of 140/90 mmHg ϭ 0.6260 ϫ age ϩ 0.4052 ϫ family history in hypertension ϩ 0.9952 ϫ body mass index Ϫ 0.7696 ϫ sex Ϫ 5.1335).
To determine the effects of the workplace environment (noise, dust, heat, and so on) on the association of Hsp70 antibodies with hypertension, a multivariate logistic regression model was built using group 6 (control, minimal exposure to these workplace stresses) as a reference. As shown in Table 5 , the increased frequency of Hsp70 antibodies is associated with hypertension independently of the stresses in the workplace environment. There is a stronger statistical correlation between the presences of Hsp70 antibodies and hypertension using the criterion of 160/95 mmHg than 140/90 mmHg. In other words, environmental stresses (noise, dust, and heat) in the workplace do not modify the established association between hypertension and the presence of Hsp70 antibodies.
Association of anti-Hsp70 with harsh working conditions
Finally, the association between antibodies to Hsp70 and working conditions was assessed using the multivariate regression analysis. As shown in Table 6 , the group exposed to low noise and dust (group 4) shows the lowest correlation, but the other groups, especially those exposed to a combination of multiple stresses (groups 1, 2, 3, and 5), do show a correlation between antibodies to Hsp70 and harsh working conditions. However, as noted previously, a significant correlation between hypertension and Hsp70 antibody levels is not dependent on workplace environmental stresses. Furthermore, levels of environmental stress in the workplace did not correlate significantly with hypertension in this study (analysis not shown), consistent with the broadly held hypothesis that hypertension results from multiple genetic and environmental factors.
DISCUSSION
Our findings support the idea that prolonged exposure to workplace stresses, such as noise, dust, or heat, can affect the production of antibodies against Hsp70. Some possible reasons for the production of antibodies against Hsps are (1) genetic factors, (2) viral and bacterial infection, (3) the denaturation and release of Hsps as a result of cell damage, and (4) the presence of antigen-specific lymphocytes (Wu et al 1996) .
As a molecular chaperone, Hsp70 is involved in many important basic biological processes, including inflammation, the acquisition of cell tolerance to chemical and physical stresses (heat exposure), and cell survival following ischemia and other stresses in heart and brain (Currie et al 1993; Marber et al 1995; Plumier et al 1995 Plumier et al , 1997 . Thus, once Hsps are expressed at elevated levels, they may become the target of humoral and T cell-mediated immune responses and may provide a link between the immune response to infection and autoimmunity caused by T lymphocyte cross-reactivity among Hsps of different origins (Xu et al 1993; Schett et al 1995; Xu et al 1999) .
Our analysis included separation of all workers into one of 2 groups: positive or negative according to the presence of Hsp70 antibodies. There were no significant differences in the incidence of chronic diseases such as chronic bronchitis, diabetes, hepatitis, renal diseases, or tumor; in smoking and drinking habits; or in family history of genetic diseases and cardiovascular diseases between these 2 groups (data not shown). However, the incidence of family history with cardiovascular diseases and abnormal electrocardiogram was slightly higher in the Hsp70 antibody positive group than in the negative group. Our present results suggest that neither the genetic background nor previous infections are directly responsible for the higher occurrence of Hsp70 antibodies in several groups of workers. We previously reported the presence of antibodies to Hsp70 in workers experiencing long-term exposure to high temperature, carbon monoxide, and benzene and in patients with benzene poisoning and suggested that the presence of such antibodies might potentially be useful biomarkers to assess if workers are experiencing abnormal stress within their living and working environment (Wu et al 1995 (Wu et al , 1996 (Wu et al , 1998 . On the other hand, the presence of antibodies to various Hsps is thought to be of significance in the generation, formation, and prognosis of diseases (Jarjour et al 1991; Bongrazio et al 1994; Kaufmann and Schoel 1994; Minowada and Welch 1995; Xu et al 1996; Wu et al 1998) . For example, Jarjour et al (1991) suggested that the difference in the level of anti-HSP antibodies seen in sera of patients with various rheumatoid and other inflammatory diseases relative to normal controls might reflect disease-associated polyclonal B cell activation. Shingai et al (1995) reported the presence of antibodies to Hsps in patients with autoimmune liver diseases and suggested that the presence of anti-Hsc70 antibodies was an indicator of primary biliary cirrhosis. Work from Schett et al (1995) and Xu et al (1999) has implicated mycobacterial Hsp65 as an antigen involved in instigating the chronic immune response characteristic of human atherosclerosis. Their cross-sectional data have shown a direct relationship between antibodies against Hsp65 and carotid wall atherosclerosis. These antibodies are sustained among those with the most severe degree of underlying atherosclerosis and were demonstrated to predict 5-year mortality (Xu et al 1993 (Xu et al , 1999 Schett et al 1995) . An association between the presence of soluble human Hsp60 and anti-Hsp60 antibodies in the serum and atherosclerosis has also been recently reported (Pockley et al 2000; Xu et al 2000) . While Hsp autoantibodies are associated with a chronic disease, our detection of Hsp70 antibodies in workers free of chronic disease might be explained by the relative abundance of the antibodies. In the present study, antibodies to Hsp70 were detected at serum dilutions of 1:10 to 1:40 and at such low concentration appear to be below a clinical threshold.
Stresses in the workplace appear to be associated with the higher occurrence of Hsp70 antibodies (Tables 2 and  6 ). The Hsp70 antibodies are likely in response to previous elevation of Hsp70, possibly due to the psychological stress of a challenging workplace. Interestingly, Hsp70 (but not Hsp30, Hsp60, or Hsp90) is found in hearts of Japanese quails exposed to loud noise, inescapable irritation, cold temperature, or isolation in darkness (Hoekstra et al 1998) . Similarly, Hsp70 is elevated in rat aorta and adrenal glands after restraint stress (Udelsman et al 1993) . It was suggested that the adrenal response was adrenocorticotropin dependent and that the vascular response was adrenergic. Such responses suggest that increased sympathetic tone is involved in the expression of Hsp70. In addition, elevated sympathetic tone is associated with increased vascular tone (diastolic blood pressure) and hypertension in people (Eliasson 1985; Adams et al 1998) .
The present statistical analysis supports an association between the presence of antibodies against Hsp70 and hypertension. The association is higher if the blood pressure criterion of 160/95 mmHg rather than 140/90 mmHg is applied. Interestingly, enhanced expression of Hsp70 has been detected in both cultured cells and or-gans from hypertensive experimental animals (Hamet et al 1992; Xu et al 1995 Xu et al , 1996 . In summary, we have shown a relationship between workplace stress and the presence of Hsp70 antibodies and an association between Hsp70 antibodies and hypertension. It remains to be determined whether there is a relationship between the induction of Hsp70 by workplace stresses, possibly mediated by increased sympathetic tone, and production of plasma antibodies against Hsp70 and whether Hsp70 or antibodies against Hsp70 play a role in the pathogenesis of hypertension.
